ABSTRACT: Excessive use of antibiotics potentially threatens human health, agricultural production, and soil phytoremediation. This arouses concern over the potential adverse effects of a commonly used antibiotic, oxytetracycline (OTC), on plants used for soil remediation and possible stimulation of antibiotic resistance genes in soils. A greenhouse experiment was conducted to investigate different rates (0, 1, 5, and 25 mg kg −1 ) and frequencies (one single high and daily low application) of OTC addition to soil on phytoremediation of a heavy metal contaminated soil by Sedum plumbizincicola and/or Medicago sativa (alfalfa). After 90 days both Cd and Zn were substantially removed by phytoextraction into S. plumbizincicola shoots especially at the high OTC (25 mg kg −1 ) treatment which also led to inhibition of antioxidative enzyme activities in both plant species. Soil microbial activity decreased significantly with the addition of OTC, and this was ameliorated by planting alfalfa and S. plumbizincicola together. OTC at <5 mg kg −1 increased the biomass of both plant species, but the frequency of OTC addition had no effect on the rate of metal removal. Alfalfa exhibited greater detoxification ability and effectiveness in soil microbial activity promotion than S. plumbizincicola with intercropping. Phytoremediation by alfalfa and S. plumbizincicola in association can both promote the removal of heavy metals and also alleviate the toxic effects of pollutants on plants and soil microbes even at relatively high soil OTC concentrations.
■ INTRODUCTION
Phytoremediation has been described as a valuable and promising approach of in situ soil remediation involving the utilization of solar energy, and its application has been investigated in dealing with organics and/or heavy metals in soils and waters. 1−3 The high efficiency of hyperaccumulator plants in the extraction, sequestration, and/or detoxification of pollutants to remediate heavy metal polluted soils and the practical advantages in simultaneous agricultural production and soil remediation have made it an environmentally friendly, effective, and socially acceptable technology. 4−7 Overuse and/or misuse of antibiotics in clinical and veterinary medicine, agriculture, aquaculture, and horticulture have led to large quantities of antibiotic residues in the environment, resulting in a worldwide threat to human health. 8−10 Oxytetracycline (OTC) is one of the most extensively used and representative tetracycline antibiotics in intensively managed animal feeding operations, and it has been reported to occur at concentrations of up to 2.98 mg kg −1 in manures and 5.17 mg kg −1 in soils of some livestock farms and organic vegetable farms in China. 11−14 The land application of wastewater sludges, sewage, and livestock manures for the agricultural recycling of plant nutrients is the most common source of antibiotic inputs to agricultural soils, together with heavy metals, thus endangering soil biological systems by virtue of their biological toxicity, effects on the behavior of heavy metals or other pollutants, and their role as reservoirs for antibiotic resistance genes associated with human pathogens. 9,13,15−20 However, the effects of antibiotic compounds on the growth of remediating plants and their phytoremediation efficiency with respect to soil heavy metals have not been reported and so far have received little attention, although OTC has been shown to damage some vegetable plants. 21 Uptake of antibiotics, especially tetracyclines, has been demonstrated to inhibit root elongation and the whole plant growth of rice, soybean, and other plant species to some extent. 22−24 High rates of OTC (0.2 mM) changed the color of Medicago sativa L. (alfalfa) leaves to light green or yellow. 25 On the other hand, antibiotics may be directly harmful to soil microorganisms including those that aid the phytoremediation process and in turn indirectly lower the efficiency of phytoremediation. 26 Alfalfa is a popular leguminous green plant and has been used for the remediation of many types of organic pollutants. 27, 28 Hyperaccumulator Sedum plumbizincicola has been screened for the in situ phytoremediation of soils contaminated with both Cd and Zn and has shown great potential in repeated phytoextraction in preliminary greenhouse and field experiments. 29−31 To simulate the effects of OTC in sewage sludge and wastewater applications, different amounts and modes of OTC application treatments were employed to investigate the effects of OTC on phytoremediation efficiency by means of common antioxide enzyme determination in plants and OTC toxicity analysis to microorganisms in metal-contaminated soil on the growth of alfalfa and/or S. plumbizincicola in a pot experiment. This study may provide basic data on utilization of organic wastes in agriculture as sources of plant nutrients and as a remediation strategy for soils with combined contamination with antibiotics and other pollutants.
■ MATERIALS AND METHODS
Test Soil and Plants. The soil was collected from the top 20 cm (arable layer) of an area contaminated with cadmium (Cd) from wastewater irrigation at Zhangshi area, Shenyang, Liaoning province, northeast China. The soil is a typical Hapli-Udic Cambisol 32 with 15.6% clay, 76.4% silt, 7.98% sand, and 2.92% organic matter. The soil pH is 6.66, and the available nitrogen, phosphorus, and potassium concentrations are 1.29, 2.26, and 16.9 g kg −1 , respectively. 33 The soil collected was air-dried and passed through a 2 mm nylon sieve before use, and the background concentrations of Cd, copper (Cu), and zinc (Zn) were 3.73 ± 0.11, 80.6 ± 0.9, and 316 ± 2 mg kg −1 , respectively. The relative soil environmental quality standards (implementation standards of the second class soil environmental quality GB15618-1995 in China) were 0.3, 100, and 250 mg kg −1 , respectively, to ensure agricultural production.
Alfalfa seeds were purchased from Jiangsu Provincial Academy of Agricultural Sciences (JAAS), and seeds of Sedum plumbizincicola, a Cd and Zn hyperaccumulator, 27, 28, 30, 31, 34 were collected from a Pb−Zn mine area in the suburbs of Hangzhou city, Zhejiang province, east China. Seeds of alfalfa were cultured using nonpolluted soil in a greenhouse for preincubation before seedlings of similar height with healthy well-developed root systems were selected for transplanting. Seeds of S. plumbizincicola were sown in trays with a matrix of vermiculite and a layer of perlite on the surface using Hoagland's nutrient solution 31 before the seedlings had six true leaves and were then ready for use. Seedlings of both species were washed before transplanting to minimize effects of the soil or nutrient solution in which the seeds had germinated.
Chemicals and Instruments. Oxytetracycline (97.5%) was obtained from Dr. Ehrenstorfer GmbH, Augsburg, Germany. Dipotassium hydrogen phosphate (K 2 HPO 4 ), potassium chloride (KCl), potassium hydroxide (KOH), hydrogen peroxide (H 2 O 2 ), and glacial acetic acid (CH 3 COOH) were all analytical reagents purchased from the National Pharmaceutical Group Chemical Reagent Co. Ltd. (Shanghai, China). Disodium hydrogen phosphate (Na 2 HPO 4 ), omethoxyphenol, riboflavin, sodium hydroxide (NaOH), ethylenediaminetetraacetic acid disodium salt (EDTA-Na 2 ), sodium chloride (NaCl), ethyl alcohol, and acetone were all analytical reagents purchased from Nanjing Chemical Reagent Co. Ltd. (Nanjing, China).
Assay kits A045-3 for total protein content assay, A001-1 for superoxide dismutase (SOD) activity assay, A084-1 for peroxidase (POD) activity assay, and A004 for catalase (CAT) activity assay were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China soil (DW, in total 25.2 mg OTC kg −1 soil) comprising the fifth treatment were set up for a cultivation period of 90 days. In each treatment a control (CK), S. plumbizincicola monoculture (S), alfalfa monoculture (A), and S. plumbizincicola intercropped with alfalfa (S+A) were set up in triplicate. The pot experiment was carried out in a greenhouse at the Institute of Soil Science, Chinese Academy of Sciences (ISSCAS), Nanjing. Plastic pots (15 cm height ×10 cm diameter) each containing 1 kg of soil (oven dry basis) were arranged in a fully randomized design and rerandomized every week. Twenty milliliters of acetone stock solutions of different OTC concentrations were added and thoroughly mixed with the soil in each pot before seedlings were transplanted. In CK the same volume of acetone was added and mixed as a control treatment to avoid the influence of acetone on microbial activity and soil characteristics. However, aqueous OTC solution was sprayed onto the daily addition 0.28 mg kg −1 treatment every day during the incubation period. Scarification of the soil was carried out daily to minimize uneven distribution of the OTC applied. Four seedlings of alfalfa or eight seedlings of S. plumbizincicola were transplanted into each pot for the monoculture treatments, two seedlings of alfalfa and four seedlings of S. plumbizincicola in total for the intercropping treatments, and the CK pots remained unplanted and were placed in the same conditions as the experimental treatments. Analytical grade urea and KH 2 PO 4 were applied during the experiment as fertilizers, and deionized water was added daily to maintain the soil water content at about 70% of soil water holding capacity (WHC).
Here, "S" denotes S. plumbizincicola monoculture; "A" is alfalfa monoculture, and "S+A" refers to S. plumbizincicola intercropped with alfalfa; "S" in S+A refers to S. plumbizincicola in S. plumbizincicola intercropped with alfalfa treatment; "A" in S+A refers to alfalfa in S. plumbizincicola intercropped with alfalfa treatment.
Sampling and Analysis. After 90 days both soil and plant samples were collected for the determination of the selected parameters. Half the harvested plant samples were immediately frozen in liquid nitrogen after washing with tap water three times, rinsing with deionized water, and wiping dry. Before determination of the Cd and Zn concentrations, root samples were washed in 10−20 mM EDTA-Na 2 to remove heavy metals from the root surface. Frozen plant samples were ground to homogenates with ice-cold 0.05 mol L −1 potassium phosphate buffer (PBS, pH 7.8) (w/v 1:9) and centrifuged at 7104g at 4°C for 20 min. The supernatant was used for further analysis of total protein content, superoxide dismutase (SOD) activity, peroxidase (POD) activity, and catalase (CAT) activity using the corresponding assay kits. The other half of the washed, rinsed, and wiped plant samples and 10 g of the soil samples from thoroughly mixed soil of each pot were freeze-dried in a Free Zone 2.5 Liter Freeze-Dry System (Labconco Corp., Kansas City, MO) for the determination of OTC and heavy metal concentrations (Cd and Zn).
About 100 g of soil was collected and air-dried at room temperature and sieved through 20-and 100-mesh nylon sieves. Soil physical and chemical properties comprising water content, pH value, and organic matter content were determined. Total Cd and Zn concentrations in soil were determined after digestion with 4:1 HCl: HNO 3 (v/v) according to McGrath and Cunliffe 35 and in shoot subsamples after digestion with 3:2 HCl: HNO 3 (v/v) according to Li et al. 31 Copper and Cd concentrations were determined with a Varian 175 SpectrAA 220Z spectrophotometer (Varian, Palo Alto, CA) equipped with a graphite Q4 furnace 31 and Zn by flame atomic absorption spectrophotometry (Varian SpectrAA 220FS). The detection limits of the two spectrophotometers were 0.03 μg L −1 and 0.05 mg L −1 for Cd and Zn, respectively. Blank controls and national standard reference materials GSV-2 were included in each batch of samples analyzed.
Five grams of fresh soil from each pot were sieved through a 250 μm screen, added to 100 mL of distilled water in a 250 mL conical flask, and shaken at 200 rpm for 20 min for the Biolog Eco test which was used to study the substrate utilization pattern of the soil microbial community. Tenfold serial dilutions were made, and a 100-fold dilution of 150 μL was used to inoculate the Biolog Ecoplates. Plates were incubated at 28 °C, and color development was measured at 0, 24, 48, 72, 96, 120, 144, and 168 h as absorbance difference at 590 nm using a μQuant microplate spectrophotometer (BioTek, Winooski, VT), and the data were collected using the Gen 5 v 1.06 software package.
Mean values (n = 3) of average well color development (AWCD) were used as a measure of total microbial activity in different treatments over time and were compared at the 5% level of significance to evaluate their effects. 36 Shannon index and McIntosh index were also calculated.
where C i is the color absorbance value of the reaction well, R the color absorbance value of the control well, and n the carbon source number, 31.
Shannon diversity index:
where P i is each reaction well subtracting the absorbance value of the control well and then dividing by the summed color absorbance value of 31 wells.
McIntosh index:
Data Analysis. All data were processed with Microsoft Excel 2013 and the SPSS v.18.0 software package. The data were analyzed for significant differences from the control treatment or between treatments using one-way analysis of variance.
■ RESULTS OTC Concentrations in Soils and Plants. After 90 days of the pot experiment only 10.0, 5.2, and 5.0% of the OTC remained in the controls compared to the initial spiked concentrations of 1, 5, and 25 mg kg −1 ( Table 1 ). The residual concentrations in the soil with the single large OTC application (25 mg OTC kg −1 soil) were higher than in that with the total equivalent daily addition (0.28 mg OTC kg −1 soil per day). In addition, more OTC remained in the soil in treatments with plants (S, A, S+A) than the unplanted control (CK) pots.
The plant OTC concentrations increased with increasing application rate of OTC to the soil irrespective of plant species or treatment (Table 2) . Furthermore, plant OTC concentrations in treatments S, A, S in S+A, and A in S+A receiving daily applications (0.28 mg OTC kg −1 soil) were always lower than those that received the single application of 25 mg OTC kg −1 soil, although these two treatments were designed to apply the same total amount of OTC within the 90-day period of the pot experiment (Table 2) . Intercropping decreased OTC accumulation in S. plumbizincicola (S in "S+A") compared with the monoculture treatments (S). There was much higher accumulation of OTC in S. plumbizincicola than in alfalfa in soil at the same application rates of OTC. The OTC concentration in S. plumbizincicola was up to 319 mg kg −1 at the 25 mg OTC kg
soil in S. plumbizincicola monoculture treatment (S), and the corresponding value in alfalfa was only 39.3 mg kg −1 in the monoculture treatment (A).
Soil Heavy Metal Concentrations. The soil concentrations of Cd and Zn in the control pots showed no significant difference at the end of the experiment. However, compared with the controls there were significant decreases in soil Cd in the experimental treatments with plants (S, A, and S+A) at all rates of OTC addition (Figure 1) . However, there were no differences in soil Cd concentration in the alfalfa monoculture treatment (A) with different rates of OTC addition except for the daily adding treatment, but the Cd concentrations in the soil planted with S. plumbizincicola (S or S+A) showed a decreasing trend with an increasing rate of OTC addition. There was a significant difference in soil Cd concentration between the soils with daily OTC addition (0.28 mg kg ) was similar to the control. Soil Zn decreased in the treatments with plants (S, A, and S+A), especially in the treatment with intercropping plants compared with the control. However, no change in soil Zn was found in the same planting treatment ( Figure 1 ) but with different rates of addition of OTC, although an enhancement effect of high concentration of OTC on Zn uptake by S. plumbizincicola was also found (Figure 2 ). Cd uptake in S. plumbizincicola also increased in both daily OTC addition (0.28 mg kg ) treatment more than others (Figure 2) . Plant Biomass and Heavy Metal Concentrations. The addition of OTC significantly increased the biomass of S. plumbizincicola (S or S in S+A) ( Table 3 ). The trend in alfalfa (A 
or A in S+A) was similar to that of S. plumbizincicola (S), but the concentration that gave the highest promotion of biomass was 1 mg kg −1 , lower than that of S. plumbizincicola (S) ( Table 3 ). S. plumbizincicola showed considerable ability to accumulate soil Cd and Zn compared with alfalfa ( Figure 2 ). The ability of S. plumbizincicola to accumulate Cd was enhanced by the addition of OTC, especially at the high rate of 25 mg kg −1 and the daily OTC addition (0.28 mg kg −1 ) treatment. At high concentrations (25 mg kg ) of OTC, increases in Zn accumulation were also observed in S. plumbizincicola, but the low addition rates (1 and 5 mg kg −1 ) significantly decreased Zn concentrations in S. plumbizincicola in monoculture as compared to plants growing in soil without OTC application (Figure 2 ). No significant difference in metal uptake was found between daily OTC application of 0.28 mg kg −1 and a single application of 25 mg kg . The activity of SOD in our study was promoted in intercropping S. plumbizincicola but reduced in monoculture S. plumbizincicola (Figure 3) , and that of CAT increased with increasing OTC concentration. The activity of POD was inhibited compared with treatments without OTC especially in S. plumbizincicola monoculture (S). Monoculture S. plumbizincicola (S) in the daily addition treatment (0.28 mg kg −1 daily) showed less activity and less variation in SOD, POD, and CAT than the single high application (25 mg kg −1 ). S. plumbizincicola in the intercropping treatment (S in S+A) had less total protein content but higher antioxidant enzyme activity than the monoculture (S).
The corresponding results for alfalfa can be seen in Figure 4 . There was no significant change in total protein content in the different OTC applications, except intercropping alfalfa in the 5 mg kg −1 OTC treatment. However, the activities of SOD, POD, and CAT generally increased with increasing OTC concentration. A decline in enzyme activity under daily addition of OTC was found as compared with the single high application. Compared with monoculture alfalfa (A), the alfalfa in the intercropping treatment (A in S+A) tended to show slightly higher activities of SOD, POD, and CAT (Figure 4) . Each value is the mean of three replicates ± standard error of the mean (SEM). "*" in columns denotes significant difference at p < 0.05 level between treatments; "**" in columns denotes significant difference at p < 0.01 level between treatments; different letters in columns denote significant difference at p < 0.05 level between groups within the same treatment. 
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Article Functional Diversity of Soil Microorganisms. According to Figure 5 , the AWCD values of soils increased with increasing culture period in all soils irrespective of OTC application or planting treatment. However, the control soil without OTC had the highest AWCD values during the culture period, followed by soil with 5 mg kg −1 , and then the soil with 1 and 25 mg kg addition. However, the above divergence effects of different OTC concentrations or the addition frequency on soil microorganisms decreased when the soil was planted with S. plumbizincicola and/or alfalfa. Especially in alfalfa monoculture and intercropped with S. plumbizincicola, the AWCD values were similar at all OTC application rates, and this trend occurred throughout the culture period.
Soil with different OTC addition showed different levels of inhibition of microbial activity ( Figure 6 ). The Shannon and McIntosh indices in the soil with 1 and 25 mg kg −1 OTC addition in the control were significantly lower than that in the control soil without OTC (Figure 6 ). However, the daily addition treatments had higher diversity indices than the single application, illustrating the higher buffering effect of soil microorganisms to pollution at low concentrations. In monoculture S. plumbizincicola (S) the diversity indices of different OTC additions to soil were no higher than that of the control soil. The Shannon index of monoculture alfalfa (A) and the intercropping group (A in S +A) showed no significant difference and some variation in McIntosh index but less severe than that of the control and monoculture S. plumbizincicola (S) soil.
■ DISCUSSION OTC Concentrations in Soil and Plants. The substantially higher residual concentrations of OTC in the soil with the single large OTC application (25 mg OTC kg −1 soil) than the total equivalent daily addition (0.28 mg OTC kg −1 soil per day) indicates that the gradual addition of OTC has shared in the contamination pressure with daily degradation. In addition, the results show that more OTC remained in the soil in treatments with plants (S, A, S+A) than the unplanted control pots, perhaps due to the likelihood that planting of S. plumbizincicola and/or Table 1 . The shoot biomass values are mean values ± SEM. Different letters denote significant difference of the same remediation plant species at p < 0.05 level between groups within the same plant treatment. Figure 3 . Effects of OTC on total protein content, SOD, POD, and CAT activity of Sedum plumbizincicola. Each value is the mean of three replicates ± SEM. Other annotations as in Figure 1 .
alfalfa (S, A, and S+A) would have reinforced the water holding capacity (WHC) of both the surface and the deeper soil in the pots, thus delaying the degradation of OTC compounds in the soil. However, it has been reported that sunlight and temperature show a statistically significant positive correlation with the degradation of OTC, 37 so that the planting of S. plumbizincicola and/or alfalfa (S, A, and S+A) might have protected OTC in soil from sunlight and protected the soil with OTC from increasing temperatures from the sunlight, and finally blocking the degradation of OTC in the soil.
Lower OTC concentrations in treatments S, A, S in S+A, and A in S+A receiving daily applications (0.28 mg OTC kg −1 soil) than those receiving the single application of 25 mg OTC kg −1 soil indicates that a single high-dose addition of OTC can enhance plant accumulation of OTC compared to long-term low dose application. Studies have confirmed that intercropping can change soil biochemical properties as compared to monocultures, 38 and the present study supports this (Figure 4-6 ). S. plumbizincicola and alfalfa are shallow-and deep-rooting species, respectively, 28 and their different root distributions in the intercropping treatment might change soil water diffusion and thus the transfer of OTC to the plant roots with water. However, the mechanisms are speculative at present and require further investigation.
Interestingly, there was much higher accumulation of OTC in S. plumbizincicola than in alfalfa in soil at the same application rates of OTC. Much higher OTC accumulation by S. plumbizincicola than by other plant species was also found by Hu et al. 11 In phytoremediation the ready OTC accumulation by S. plumbizincicola will influence the remediation efficiency of S. plumbizincicola by imposing toxicity on plant growth and metal uptake when the hyperaccumulator grows in soil polluted with metals and OTC together. The addition of OTC did not inhibit the growth of the remediation plants, S. plumbizincicola particularly, but also markedly increased the S. plumbizincicola plant biomass under most of the higher dosages (Table 3) . Moreover, the present study has demonstrated the novel possibility of employing the hyperaccumulator S. plumbizincicola in the remediation of OTC polluted soil especially under the cooccurrence of heavy metals.
Soil Heavy Metal Concentrations. The soil concentrations of Cd and Zn in the control showed no significant differences at the end of the experiment, indicating that both plant species tested have the ability to remove Cd from the soil. Cd concentrations in the soils planted with S. plumbizincicola (S or S+A) showed a decreasing trend with increasing rate of OTC addition, suggesting that OTC tended to increase the Cd remediation efficiency of S. plumbizincicola but not of alfalfa. This is supported by the much higher Cd concentrations in the shoots of S. plumbizincicola under the high rate of OTC addition to the soil (Figure 2 ). The absence of change in soil Zn found in the same planting treatment may be related to the higher background Zn concentrations leading to no significant residual variation in the soils at the end of the experiment. As the assays indicate, desorption of heavy metal ions such as Cd occurs under the competitive adsorption effect of OTC in soils, 39, 40 so OTC may have a positive effect on the activation of soil heavy metals and this may result in higher metal removal efficiency of phytoremediation. The appearance of OTC markedly enhanced the biomass of S. plumbizincicola (Table 3) mg kg −1 and with daily addition of 0.28 mg kg −1 is considered to be in accordance with former studies showing that OTC can enhance S. plumbizincicola growth at lower concentrations but give inhibition at higher concentrations. 41 The concentration that gave the highest promotion in alfalfa (A or A in S+A) was 1 mg kg −1 , lower than that of S. plumbizincicola (S) and indicating a higher sensitivity of alfalfa than S. plumbizincicola. If the amount of metal entering the plant from the soil does not change, the increase in plant biomass can decrease plant metal concentrations by a dilution effect, which explains the shoot Zn decrease at the low rates of OTC addition as the biomass increases ( Figure  2 ). However, this explanation cannot fit the situation of high rates of OTC addition because the shoot biomass and plant metal (Cd and Zn) concentrations increased simultaneously at the high OTC application rate (25 mg kg −1 or with daily application of 0.28 mg kg
−1
). A previous study shows that high concentrations of OTC enhanced metal desorption from soil particles, 40 and this might increase plant metal uptake from the soil. In addition, OTC can act as a form of organic matter, and the formation of organic−metal complexes might enhance metal transfer from soil to roots and/or from roots to shoots. 42 The actual mechanism by which OTC promotes metal uptake by S. plumbizincicola still requires further confirmation, but the accumulation of heavy metals in S. plumbizincicola is more closely related to the total amount of OTC added rather than the frequency of application.
Low OTC concentrations (<5 mg kg −1 ) resulted in an increase in the biomass of both plant species, and the high OTC (25 mg kg −1 ) concentration significantly increased the shoot Cd and Zn concentrations of S. plumbizincicola and thus the efficiency of phytoremediation. Daily OTC application increased the shoot biomass as compared with a single large application, and the accumulation of heavy metals in S. plumbizincicola was lower with increased frequency of application.
Total Protein Content and Activity of POD, SOD, and CAT in Plants. Antioxidant status is of great importance in plant tolerance to stress from environmental pollutants which leads to increases in oxygen free radical levels and disturbs the antioxidative balance in organisms. 43 The activity of SOD was inhibited compared with treatments without OTC in S. plumbizincicola monoculture (S), which might be due to the consumption of SOD by the stimulated reactive O 2 species (ROS) in different plant species constituting the first line of defense against excess ROS under stress conditions. 44 Peroxidase (POD) and CAT play the role of splitting hydrogen peroxide into water and oxygen in plants. 45, 46 Thus, the long-term OTC treatment at low concentrations has made S. plumbizincicola expend antioxidant enzymes to alleviate the toxic effects caused by OTC every day as compared to the single high application.
The generally increased activities of SOD, POD, and CAT with increasing OTC concentration suggest a higher sensitivity of alfalfa to OTC contamination. A decline in enzyme activity of alfalfa under daily addition of OTC was found as compared with the single high application, suggesting that daily contamination consumed antioxidant enzymes day-by-day and led to higher environmental risk to the plants in a similar fashion to S. plumbizincicola. Total protein content under 5 mg kg −1 OTC and POD in treatments except CK in alfalfa in the intercropping treatment (A in S+A) demonstrate the general stress of intercropping, and pollutants have prepared alfalfa to start the defense mechanisms with which tolerant plant species mostly protect themselves including intensified antioxidant enzyme activity 47 in advance. Disturbance of antioxidation and detoxification systems might result in an inhibition of enzymes for toxicologically relevant responses induced by ROS. 48 In view of the higher sensitivity of alfalfa to OTC contamination, the antioxidant detoxification system may be activated even at low concentrations, 49 so its tolerance to long-term and low-level contamination is supposed to be higher than that of S. plumbizincicola.
Functional Diversity of Soil Microorganisms. The AWCD values suggest that low and high OTC contents decreased the activities of soil microorganisms, but the effects were weakened in soil with an intermediate amount of 5 mg kg −1 OTC. Moreover, higher AWCD values in soil with daily 0.28 mg kg −1 OTC addition than the single 25 mg kg −1 addition suggests the toxicity of the single high application to soil microorganisms was higher than daily application. Thus, the resistance of soil microorganisms to OTC may have been enhanced by the growing plants, and the effect of alfalfa was stronger than that of S. plumbizincicola.
The daily addition treatments had higher diversity indices (Shannon and McIntosh indices) than the single application, illustrating the higher buffering effect of soil microorganisms to contamination at low concentrations. The soil diversity indices of different OTC additions in monoculture S. plumbizincicola (S) treatments suggest that the presence of S. plumbizincicola alleviated the stress of OTC to soil microorganisms. The Shannon index of monoculture alfalfa (A) and intercropping group (A in S+A) indicate the important effect of the alfalfa rhizosphere on the diversity of soil microorganisms and on the alleviation of the toxic effects to soil microorganisms.
In conclusion, soil microbial activity was significantly changed by the addition of OTC and may be ameliorated by planting alfalfa or S. plumbizincicola, and the alfalfa was more effective in this respect than S. plumbizincicola.
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